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many pesticide compounds as weekly
composites.
• Insecticides were frequently missed by
weekly discrete and composite samples.
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toxicity at 11, weekly discrete samples
at 0.
• Pesticide Toxicity Index was related to
degraded invertebrate communities in
streams.
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Transient, acutely toxic concentrations of pesticides in streams can goundetected byfixed-interval sampling pro-
grams. Herewe compare temporal patterns in occurrence of current-use pesticides in daily composite samples to
those in weekly composite and weekly discrete samples of surface water from 14 small stream sites. Samples
were collected over 10–14 weeks at 7 stream sites in each of the Midwestern and Southeastern United States.
Samples were analyzed for over 200 pesticides and degradates by direct aqueous injection liquid chromatogra-
phywith tandemmass spectrometry. Nearly 2 and 3 times asmanyunique pesticideswere detected indaily sam-
ples as in weekly composite and weekly discrete samples, respectively. Based on exceedances of acute-
invertebrate benchmarks (AIB) and(or) a Pesticide Toxicity Index (PTI) N1, potential acute-invertebrate toxicity
was predicted at 11 of 14 sites from the results for daily composite samples, but was predicted for only 3 sites
from weekly composites and for no sites from weekly discrete samples. Insecticides were responsible for most
of the potential invertebrate toxicity, occurred transiently, and frequently were missed by the weekly discrete
and composite samples. The number of days with benthic-invertebrate PTI ≥0.1 in daily composite samples
was inversely related to Ephemeroptera, Plecoptera, and Trichoptera (EPT) richness at the sites. The results of
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Pesticide Toxicity Index the study indicate that short-term, potentially toxic peaks in pesticides frequently are missed byweekly discrete
sampling, and that such peaks may contribute to degradation of invertebrate community condition in small
streams. Weekly composite samples underestimated maximum concentrations and potential acute-invertebrate
toxicity, but to a lesser degree than weekly discrete samples, and provided a reasonable approximation of the
90th percentile total concentrations of herbicides, insecticides, and fungicides, suggesting that weekly composite
sampling may be a compromise between assessment needs and cost.
Published by Elsevier B.V.
1. Introduction
Current-use pesticides are frequently detected in streams globally,
often occur as complex mixtures, and can pose risks to aquatic life
(Bereswill et al., 2013; Gilliom et al., 2006; Hageman et al., 2019;
Hladik and Kolpin, 2016; Metcalfe et al., 2016; Nowell et al., 2018;
Pérez et al., 2017; Stehle and Schulz, 2015; Stone et al., 2014). Short-
term peaks in pesticide concentrations in streams can occur as a result
of seasonal or event-driven pesticide applications (e.g., infestation or
public-health hazard) and streamflow conditions (Liess et al., 1999;
Rabiet et al., 2010). Transient high concentrations of pesticides can result
in exposure of aquatic organisms to acutely toxic concentrations, but dis-
crete samples are not well suited for assessing short-term peaks in pes-
ticide concentrations (Spycher et al., 2018; Stehle et al., 2019), evenwith
relatively high-frequency fixed-interval sampling such as weekly
(Gilliom et al., 1995). States in the U.S. with active ambient pesticide
monitoring programs, e.g., Minnesota (Minnesota_Dept_Agriculture,
2019), Washington (Washington_State_Dept_Agriculture, 2019), Illi-
nois (Illinois_EPA, 2014), generally collect samples weekly or less
frequently.
Typical fixed-interval sampling programs (e.g., bi-weekly, monthly)
can result in a high percentage of non-detections for insecticides (Stehle
et al., 2013), which generally are transient and can potentially strongly
affect invertebrates in streams (Gilliom et al., 2006; Nowell et al., 2018;
Stehle and Schulz, 2015). Stehle et al. (2013) further suggested that in-
creasing the discrete sampling frequency during insecticide application
periods would increase monitoring costs but may not improve results.
Rather, these authors used exposure modeling to demonstrate that
event-based sampling was better able to detect low-frequency/high-
risk insecticide occurrence patterns. In a review of global agricultural in-
secticide occurrence in surface waters, Stehle and Schulz (2015) ob-
served that insecticides were rarely detected, but when detected they
often exceeded water-quality thresholds. Further, many of the sites
evaluated by Stehle and Schulz had repeated pulses of short-term con-
tamination or had complex mixtures of pesticides. A combination of
time- and flow-proportional sampling may be a good compromise to
capture occurrence of those pesticides that are introduced continuously,
and those, such as insecticides, that occur in brief peak concentrations as
a result of runoff or spray drift (Bundschuh et al., 2014). Autosamplers
are one option that allows a targeted sampling frequency. Autosamplers
commonly are used to collect either discrete or composite samples at
regular time intervals or event-triggered samples in response to
changes in stream stage or flow, and have been used to obtain samples
that are representative of water quality over time (e.g., Madrid and
Zayas, 2007; Spycher et al., 2018; Xing et al., 2013).
In 2013, the U.S. Geological Survey (USGS) National Water-Quality
Assessment (NAWQA) Project initiated Regional Stream-Quality As-
sessments (RSQA) (https://webapps.usgs.gov/rsqa/#!/) to address the
question of how chemical and physical stressors affect stream ecology
in five regions of the United States. Each regional study characterized
water-quality stressors—contaminants, nutrients, and sediment—and
ecological conditions and habitat in 75 to 100 wadeable streams during
the spring-summer growing season. The Midwest Stream-Quality As-
sessment (MSQA), in May–August of 2013, and the Southeast Stream-
Quality Assessment (SESQA), in April–June of 2014, were the first two
RSQA studies (Garrett et al., 2017; Journey et al., 2015). Pesticides
weremeasured inMSQA (Nowell et al., 2018) and SESQA streams in dis-
creteweekly water samples. In addition, the U.S. Environmental Protec-
tion Agency (EPA) collaborated with the USGS to assess daily pesticide
occurrence in the RSQA studies using small-volume autosamplers de-
ployed at a subset of seven sites in each region. Herewe present an anal-
ysis of occurrence of 203 current-use pesticide compounds in daily and
weekly composite water samples collected by the autosamplers in
MSQAand SESQA in relation to occurrencemeasured byweekly discrete
(manual) samples. The objectives of this studywere 1) to compare pes-
ticide occurrence as indicated by daily composite sampling to that indi-
cated by weekly composite and weekly discrete sampling, and 2) to
compare potential acute invertebrate toxicity, as evaluated by compar-
ison to established toxicity benchmarks and thresholds, determined
fromdaily composite samples to that determined fromweekly compos-
ite and discrete samples.Wehypothesize that pesticides occurmore fre-
quently and at higher concentrations—with greater potential acute
invertebrate toxicity—in small streams than is revealed by weekly
sampling.
2. Methods
2.1. Study design and sampling approach
The 14 sites for the intensive pesticide sampling were chosen from
among theMSQA and SESQA study sites (100 and 77 sites, respectively)
to represent land use within their respective regions. The 14 sites cho-
sen are in relatively intensively developed watersheds to improve the
chances of frequent pesticide detections and facilitate a more robust
comparison of sampling methods. Logistical considerations also fac-
tored into selection as installation and operation were labor intensive.
The MSQA study area (Supporting information (SI) Appendix F,
Fig. F.1) overlies the Midwestern U.S. agricultural region and is domi-
nated by corn and soybean crops. The study area comprises parts of 12
states and 6 ecoregions, and contains several urban centers, including
Chicago, Illinois (Garrett et al., 2017). The SESQA study area (SI Appen-
dix F, Fig. F.2) represents the Piedmont Ecoregion in the Southeastern
U.S. and comprises parts of five states and the District of Columbia. It
contains several urban centers, including Charlotte, North Carolina,
and Atlanta, Georgia. Land use is predominantly forest mixed with pas-
ture/hay and urban land, with little row crop agriculture in the study
area (Journey et al., 2015).
Autosamplers were deployed at sites on 5 agricultural streams (wa-
tershed area 72–580 km2) and 2 urban streams (watershed areas
28–35 km2) in the Midwest (Garrett et al., 2017) (SI Appendix F,
Table F.1 and Fig. F.1). Because agriculture in the Piedmont ecoregion
is largely pasture, autosamplers were deployed on 7 urban streams in
the Southeast (watershed areas 15–125 km2) (Journey et al., 2015) (SI
Appendix F, Table F.1 and Fig. F.2). Samples were collected during May
6–August 9, 2013, in the Midwest (12 of 14 weeks) and during April
14–June 13, 2014, in the Southeast (10 weeks).
Details are supplied on the construction and operation of the
autosamplers in SI Appendix A and on sample collection in SI Appendix
B. In brief, autosamplers were designed to collect eight environmental
samples each week—seven daily composite samples and one weekly
composite sample—and one field spike sample, for which an ambient
water sample was spiked at the start of the week and installed in the
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sampler to reside there for the duration of the samplingweek. The sam-
plers were operated at ambient environmental temperature and were
enclosed in a watertight PVC housing and floated inside a vertical PVC
pipe installed at a stream site. Daily composite samples consisted of 4 al-
iquots per day (collected every 6 h by the autosampler) of about 6.5 mL
each; weekly composite samples consisted of 2 aliquots per day (col-
lected every 12 h for 7 days) of about 1.8 mL each. Aliquots were deliv-
ered through a glass-fiber 0.7-μm,25-mmsyringefilter (Whatman) into
a 40-mL vial containing 3mLmethanol solution, to act as a preservative
(Aboulfadl et al., 2010). The number of successful daily and weekly
composite samples collected at each of the 7 Midwestern sites ranged
from 56 to 88 for daily samples, for a total of 513 daily samples, and
from 1 to 7 for weekly samples for a total of 35 weekly samples. At
the 7 Southeastern sites, 58 to 69 daily composites and 4 to 10 weekly
composites were collected at each site, for a total of 463 daily samples
and 58 weekly samples (SI Appendix F, Table F.2). Unsuccessful daily
or weekly composite sampling sometimes occurred because of filter
clogging or autosampler malfunction (e.g., loss of vacuum). Samples
were shipped in a chilled container overnight to the USGS National
Water Quality Laboratory (NWQL) (Denver, Colorado) where splits of
weekly composite and spiked samples were taken (for Southeastern
samples only) before shipping to the EPA Office of Pesticide Programs
(OPP) Analytical Chemistry Laboratory (ACL) (Fort Meade, Maryland)
for pesticide analysis. The splits were subsequently used for an
interlaboratory comparison (SI Appendix C).
Weekly discrete water samples for pesticide analysis were collected
during the study period using width-integrated methods (U.S.
Geological Survey, 2006). Verticals were collected along a cross-
section and combined in a methanol-rinsed Teflon churn-splitter from
which subsamples of the composited water were withdrawn for analy-
sis. A large-bore syringe (disposable, 25-mm diameter, polypropylene
housingwith female Luer-lock inlet andmale Luer outlet) and diskfilter
(WhatmanGF/Fwith gradedmultifiber, 0.7-μmnominal pore diameter)
were used to collect 20 mL of filtered sample for analysis of pesticides
(Sandstrom and Wilde, 2014). Discrete samples were shipped in a
chilled container overnight to the USGS NWQL for pesticide analysis.
At the end of the sampling period, an ecological survey of benthic in-
vertebrates was done at all sites. In the Midwest, invertebrate communi-
tieswere sampledduring July 22–August 7, 2013, along 11 equally spaced
transects within the stream reach using EPA protocols, which call for
using a D-frame net with 500-μm mesh openings (Waite and Van
Metre, 2017). In the Southeast, invertebrate communities were sampled
during June 2–14, 2014, using a modified Surber sampler with 500-μm
mesh and following USGS protocols, which target the habitat having the
greatest diversity of organisms within the stream reach, typically riffles
or woody snags (Moulton et al., 2002; Waite et al., 2019). All samples
were processed for taxonomic identification of benthic invertebrates at
the USGS NWQL following the methods of Moulton et al. (2000). The In-
vertebrate Data Analysis System (IDAS) software (Cuffney, 2003) was
used to resolve taxonomic issues, remove ambiguous taxa (Cuffney
et al., 2007), and generate invertebrate metrics. The raw data of species
taxonomy and enumeration are available in the USGS BioData Database
(U.S. Geological Survey, 2019). Macroinvertebrate data from the two
studies were comparable in terms of sampling protocols (similar number
of composite samples and total sampled area) and shared laboratory pro-
cedures. All macroinvertebrate samples were collected using quantitative
collection techniques (either Surber sampler or D-frame nets with 500-
μmmesh openings) along a designated stream reach (150 to 300 m in
length, depending on stream wetted width). Assessment of ecological
condition based on EPT richness for the two methods has been reported
as consistent among the two protocols (Gerth and Herlihy, 2006).
2.2. Chemical analysis
Daily and weekly composite samples were analyzed for 221 pesti-
cide compounds at the EPA ACL and weekly discrete water samples
were analyzed for 227 pesticide compounds at the USGS NWQL. The
203 pesticide compounds in common between the two methods form
the basis of results reported here. EPA andUSGS laboratories used a sim-
ilar direct aqueous-injection liquid chromatography-tandem mass
spectrometry (LC-MS/MS) method; the method used by the EPA ACL
(Qian, 2015) was a modification of the method used by the USGS
NWQL (Sandstrom et al., 2015). Details of the analytical method used
at the ACL are described in SI Appendix C, and analytical method perfor-
mance and quality control for theNWQLpesticidemethod are described
in Sandstrom et al. (2015) and Nowell et al. (2018). Briefly, subsamples
(1 mL) of filtered water samples were transferred to instrument
autosampler vials and an internal standard solution containing isotopi-
cally labeled pesticides was added to each sample. Samples were ana-
lyzed by direct aqueous-injection LC-MS/MS on a Waters Xevo TQ MS
instrument using two analytical sequences, one in electrospray ioniza-
tion positive (ESI+)mode (for 185 compounds) andone in electrospray
ionization negative (ESI−)mode (for 36 compounds) at the EPAACL (SI
Appendix C, Table C.1).
Becausemethod detection limits (MDL)were higher for the EPA ACL
method (ranging from 6 to 21,848 ng/L) used to analyze daily and
weekly composite samples than for the USGS NWQL method (1 to
250 ng/L) used to analyze weekly discrete samples, the USGS data for
weekly discrete samples were censored at the EPA MDLs prior to com-
parison of results among sample types. Pesticide data for daily and
weekly composite samples and (after censoring to EPA MDLs) discrete
weekly samples are provided in Morace et al., 2020. NWQL data for
weekly discrete samples from MSQA and SESQA are reported at their
original reporting levels in the National Water Information System
(NWIS), and for MSQA in Nowell et al. (2017).
Quality control samples consisted of field (equipment) blanks, field
matrix water spikes (deployed in autosamplers for a week after spik-
ing), and laboratory matrix water spikes (prepared by spiking field
water samples with spiking solution in the laboratory). Details on
quality-control methods and matrix spike recovery results are given in
SI Appendices D and E. Briefly, no pesticides were detected in field
blanks. Median recovery in laboratory matrix spikes was 70–130% for
219 of 225 analytes in spikes analyzed concurrently with autosampler
samples and for 222 of 225 analytes in spikes analyzed concurrently
with discrete samples during the same time period. In contrast, 50
analytes hadmedian recovery in autosampler field matrix spikes either
below 70% (37 analytes, including several organophosphate and pyre-
throid insecticides) or above 130% (13 analytes). Eleven degradates ap-
pear to have had their concentrations enhanced during the weeklong
deployment in the autosampler, because median recoveries were ac-
ceptable or high (N70%) in field matrix spikes, but lower in discrete
field matrix spikes and laboratory matrix spikes, with a relative percent
difference of N20% between autosampler and discrete field matrix
spikes. The enhanced recovery may have resulted from degradation of
parent compounds to their respective degradate(s) in the autosampler.
Interlaboratory comparisonwas done by comparing results for splits
of weekly composite samples and spiked field samples from the seven
Southeastern stream sites analyzed by both laboratories (SI Appendix
D). Results were evaluated for those compounds detected in the same
sample at both laboratories by computing the logarithmic percent dif-
ference (LPD) for each pair of results. Results were similar for the two
sample types: median LPDs were 26.5% and 28% for environmental
splits and spiked field sample splits, respectively. Results from the EPA
were biased slightly high relative to the NWQL results, with the EPA re-
sult being higher than the NWQL result in 61 and 62% of the environ-
mental splits and spiked field sample splits, respectively.
2.3. Data analysis
Of the 203 pesticide compounds analyzed by both EPA and NWQL
laboratories, concentrations of detected pesticides in each sample
were summed to compute the total pesticide concentration (TC) for a
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sample; because non-detectionswere assigned a zero value for summa-
tion, the TC represents a lower bound. Concentrations of individual pes-
ticides in daily composite samples were compared to EPA OPP acute
aquatic-life benchmarks (U.S. Environmental Protection Agency,
2018), which were derived following EPA OPP deterministic procedure
for risk assessment of pesticides (U.S. Environmental Protection Agency,
2017). Acute-fish benchmarks (AFB) were rarely exceeded, so analysis
here focuses on acute-invertebrate (AIB) and acute nonvascular plant
(ANVPB) benchmarks. The AIB for a pesticide is based on the most sen-
sitive acute toxicity value for invertebrates (typically a 48- or 96-hr
LC50 or EC50; median lethal and median effective concentration, re-
spectively) in recent EPA risk assessment documents, multiplied by a
level of concern of 0.5. The level of concern is a policy tool that EPA
uses to analyze potential risk to nontarget organisms and to consider
regulatory action (U.S. Environmental Protection Agency, 2017). AIBs
are available for 119 of the 203 compounds discussed in this paper.
The potential toxicity of pesticide mixtures to benthic invertebrates
was assessed using the Pesticide Toxicity Index (PTI), a screening-level
tool that assumes additive toxicity for compounds in a sample mixture
(Munn et al., 2006; Nowell et al., 2014). To compute the PTI for a sample,
the concentration of each pesticide detected in a mixture is divided by
its acute toxicity concentration (typically the LC50) towards a specific
taxonomic group. The resulting toxicity quotients, or toxic units (TUs),
are summed to obtain the PTI value towards that specific taxon. Because
pesticide compounds are excluded from the summed TUs (i.e., treated
as zero concentrations) if they were not detected in the sample, or if
they have no toxicity data available, the PTI represents a lower bound
of potential acute toxicity. The PTI was calculated separately for cladoc-
erans (water fleas) and benthic invertebrates. Toxicity concentrations
are based on acute standardized tests, typically 48-hr EC50s for cladoc-
erans (most commonlyDaphniamagna) and 96-hr LC50s for benthic in-
vertebrates (commonly midge or amphipods). Toxicity data are from
the EPA ECOTOX database, EPA registration and risk assessment docu-
ments cited in support of the OPP aquatic life benchmarks, or, in the ab-
sence of data from those sources, the University of Hertfordshire's
Pesticide Properties Database (Lewis et al., 2016; Nowell et al., 2014).
PTI values computed in this study correspond to Sensitive-PTI values
from Nowell et al. (2014), which use sensitive toxicity concentrations
(STC)—the 5th percentile (or minimum, depending on the available
data) acute toxicity concentrations for each pesticide. The PTI is based
on datasets of LC/EC50 values that are very similar to those used by
EPA to derive AIBs. Differences between theAIB and PTI toxicity concen-
trations may arise because: (1) the AIBs apply to all invertebrates,
whereas the PTI is calculated separately for cladocerans and benthic in-
vertebrates; (2) the AIBs use the lowest applicable LC/EC50 value,
whereas the PTI uses the 5th percentile or lowest value; and (3) the
AIBs divide the LC/EC50 by a factor of 2 (level of concern).
We used PTI thresholds of 1, 0.5, and 0.1 to characterize sites or sam-
ples in terms of potential for acute invertebrate toxicity. The threshold
of 1 is a theoretical threshold for an additive model; because PTI is
based on LC50s, the model predicts 50% toxicity (mortality) at a PTI
value of 1 (Nowell et al., 2014). A threshold of 0.5 approximates the
level of concern applied to LC50 values when determining acute inver-
tebrate benchmarks (U.S. Environmental Protection Agency, 2017).
The threshold PTI value of 0.1 applies a safety factor of 10 to estimate
a more conservative (protective) threshold of toxicity, and is supported
by published field studies in which substantial toxicity to Ceriodaphnia
occurred in water samples with cladoceran PTI values N0.1 (Nowell
et al., 2014).
Pesticide concentrations and PTI in daily composite samples in the 14
Midwestern and Southeastern streams were analyzed in relation to
Ephemeroptera (mayflies), Plecoptera (stoneflies), and Trichoptera
(caddisflies) (EPT) richness. EPT richness is a common index of inverte-
brate community condition (Cuffney, 2003;Watershed Science Institute,
2012), and Ephemeroptera, Plecoptera, and Trichoptera are among the
four major aquatic insect taxa for which substantial loss of species has
been identified (Sánchez-Bayo and Wyckhuys, 2019). EPT richness
(which represents the number of EPT species present) for the study
was developed from the ecological surveys done at each site the end of
the water-sampling period.
3. Results
3.1. Pesticide occurrence and total concentrations
There were nearly 2 times as many unique pesticides detected
among the 14 sites in daily samples than in weekly composite samples
and almost 3 times as many as in weekly discrete samples during the
studies (Table 1). This pattern was similar when sites from a single re-
gion were considered. The pesticides detected in a daily sample but
not in a weekly sample of either type comprised 30% of the herbicides
analyzed, 44% of the insecticides analyzed, and 19% of the fungicides an-
alyzed. Regardless of sample type, herbicide compounds were detected
more frequently than either insecticides or fungicides; for each sample
type, at least four of the five most frequently detected pesticide com-
pounds were herbicides, with detection frequencies ranging from 24
to 56% (SI Appendix F, Tables F.5–F.7). Atrazine, imidacloprid, and
carbendazim were the most frequently occurring herbicide, insecticide,
and fungicide, respectively, in all sample types. Differences in detection
frequencies among sample types included the more frequent detection
of the herbicide prometon, the insecticide synergist piperonyl butoxide,
and the fungicide azoxystrobin in daily samples relative toweekly com-
posite and discrete samples.
Complex mixtures of pesticide compounds occurred in all sample
types (Table 1). The median number of pesticide compounds detected
in a samplewas similar among sample types, but themaximumnumber
detected in a daily sample (35) exceeded the maximum number de-
tected in a weekly composite (18) or weekly discrete (27) sample.
The number of pesticides reported here as detected in weekly discrete
samples from the Midwest are lower than those previously reported
in the MSQA study (Nowell et al., 2018) because the concentrations
measured by the NWQL (Nowell et al., 2017, 2018) had to be censored
at higher MDLs for the present study, for comparability with data from
the ACL. Detection frequencies andmixture complexity tend to increase
as analytical detection levels decrease.
Total concentrations (TCs) varied greatly by pesticide use group and
by sample type (Table 1). The maximum TC for herbicides (TCH) was
similarly high for all sample types, but themaximumTCs for insecticides
(TCI) and fungicides (TCF) in daily composite samples were several
times higher than those in weekly composite samples and more than
an order of magnitude higher than those in weekly discrete samples.
The more frequent detection of herbicides is reflected for all sample
types by a measurable first quartile TC, whereas insecticides and fungi-
cides had both the first quartile and median TCs below detection. A
measurable TC for insecticides and fungicides did not occur until the
third quartile concentration or (for insecticides in weekly discrete sam-
ples) until the 90th percentile concentration.
Daily composite samples provided detailed insight into complexities
of temporal pesticide occurrence not captured by weekly composite or
discrete sampling. Goodwater Creek, an agricultural stream inMissouri,
is used here as an illustration (Fig. 1; SI Appendix F, Figs. F.5 and F.19).
Pesticides in samples from Goodwater Creek were dominated by fre-
quent daily detections and relatively stable concentrations of herbicides
(atrazine, metolachlor, and several of their degradates). Additional pes-
ticides occurred in single or a few successive daily samples. Although
herbicides typically had the highest concentrations in Goodwater
Creek, insecticides comprised the largest contribution to benthic inver-
tebrate PTI (Fig. 1b). Similar results were observed for several other
streams (SI Appendix F). In Goodwater Creek, the most complex mix-
tures were observed during weeks 5 and 6 (Fig. 1a); these weeks also
corresponded to the period with the highest benthic invertebrate PTI
value (Fig. 1b).
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3.2. Comparison of pesticide concentrations measured in daily and weekly
samples
To determine whether weekly samples, discrete or composite, can
be used to estimate the peak concentration that occurs during a week,
the relation between the maximum TC in a daily sample for each
week was compared to the corresponding weekly composite and
weekly discrete samples for each use group (Fig. 2). For herbicides,
there was a strong correlation (r2 = 0.91) between the maximum
TCH during a week as measured by daily samples and the weekly com-
posite sample; the maximum TCH for the week was about 150% of the
weekly composite sample concentration for that week (slope of the re-
gression line= 1.55) (Fig. 2a). The relation between the peak daily TCH
and the discrete sample for that week was weaker but significant (r2 =
0.45, Fig. 2b). Similarly, for fungicides, the weekly composite sample
was a weak but significant predictor of peak daily TCF (Fig. 2e), but
there was no relation between weekly discrete and peak daily TCF
values (Fig. 2f). For insecticides, neither weekly composite nor
discrete samples were significantly related to the peak daily TCI
(Fig. 2c,d).
Canweekly discrete samples beused to estimate long-termmean con-
centration? To investigate this, for each site themean concentration of the
most frequently detected herbicide (atrazine), insecticide (imidacloprid),
and fungicide compound (carbendazim) in daily samples for the study
period (n = 14) was compared to the mean concentration in weekly
discrete samples. Agreement in long-term means was greatest for
carbendazim and least for imidacloprid (Fig. 3). The long-term mean of
discrete samples was similar to that of the daily samples (Fig. 3a,c,e),
especially at higher mean daily concentrations (N100 ng/L for atrazine
and N10 ng/L for imidacloprid and carbendazim). At lower mean daily
concentrations, the divergence tends to be higher in absolute value,
more variable (for imidacloprid) or biased low (carbendazim and
atrazine) (Fig. 3b,d,f). These low mean concentrations for atrazine,
imidacloprid, and carbendazim (b100, b10, and b10 ng/L, respectively)
are near or below the MDLs (32, 38, and 16 ng/L, respectively). Because
nondetections were treated as zero concentrations in computing means,
themeans may be biased low at concentrations near theMDL. Moreover,
because divergence is expressed as a percentage of the daily mean,
percentages are expected to be higher in absolute value at lower
concentrations.
3.3. Potential acute invertebrate toxicity
Daily samples better captured the occurrence of pesticide mixtures
potentially toxic to aquatic invertebrates than did weekly composite
or discrete samples, based on both the PTI and AIBs. Daily samples iden-
tified 23 and 18 instances of PTI values N1 for cladocerans and benthic
invertebrates, respectively, occurring at 9 sites; weekly composites
identified one instance of potential toxicity andweekly discrete samples
none (Table 2). Results were similar andmore pronounced for compar-
ison to thresholds of 0.5 and 0.1 of the PTI.
Comparison of concentrations of individual pesticides to their re-
spective AIBs was similar to PTI evaluation for mixtures. Daily sampling
indicated an exceedance of an AIB in 47 instances (Table 1), with at least
one exceedance occurring in at least one sample from 10 of the 14 sites
(Table 2). In contrast, weekly composite sampling identified an exceed-
ance at only 3 of the 14 sites, andweekly discrete sampling did not iden-
tify any exceedances (Table 2). AIB detection frequencies at individual
sites tended to be similar to the frequencies at which PTI values
exceeded thresholds of 0.5 or 0.1 (Table 2). More compounds exceeded
AIBs in one or more daily composite samples (carbaryl, chlorpyrifos, di-
azinon, malathion, fipronil, imidacloprid, dichlorvos, diflubenzuron,
naled, profenofos, tebupirimfos, and terbufos) than in weekly compos-
ite samples (bifenthrin, carbaryl, and malathion).
How likely is it that weekly discrete samples miss acutely toxic pes-
ticide exposure? To estimate this, we computed the probability that the
benthic invertebrate PTI in a stream would exceed 1 on a day that a
weekly discrete sample was collected, considering scenarios in which
the exceedance occurred on only 1 day to as many as 20 days during a
12-week sampling period.We assumed that 12 discreteweekly samples
were collected over 12weeks and that PTI values ≥1were randomly dis-
tributed during these 12 weeks. As the number of PTI exceedances
Table 1
Summary of occurrence of 203 pesticide compounds by use group, Pesticide Toxicity Index (PTI), and exceedance of the acute invertebrate benchmark (AIB).
[All concentrations in ng/L; TCH, total concentration of herbicides; TCI, total concentration of insecticides; TCF, total concentration of fungicides; Daily, daily composite samples;WeeklyC,
weekly composite samples; WeeklyD, weekly discrete samples.]
All streams Midwest Southeast
Daily WeeklyC WeeklyD Daily WeeklyC WeeklyD Daily WeeklyC WeeklyD
Number of samples 975 93 153 512 35 69 463 58 69
Number of unique pesticides 145 75 51 134 66 42 70 31 22
Median number of pesticides detected in a sample 5 4 5 6 8 7 3 3 3
Maximum number of detections per sample 33 18 27 33 18 27 15 10 8
TCH, 1st quartile 73.5 113 64 120 180 312 41 107 0
TCH, median 442 493 524 725 1976 1521 284 463 160
TCH, 3rd quartile 1530 1225 2199 2462 3273 3705 750 686 854
TCH, 90th percentile 3418 3125 4987 5323 6598 7467 5323 6498 7467
TCH, maximum 34,884 21,749 49,862 34,884 21,749 49,862 4795 2247 5259
TCI, 1st quartile 0 0 0 0 0 0 0 0 0
TCI, median 0 0 0 0 0 0 0 0 0
TCI, 3rd quartile 60.5 61 0 55 52 0 64 62 48
TCI, 90th percentile 180 121 71 290 226 66 290 226 66
TCI, maximum 7715 1634 275 3182 1634 175 1037 278 164
TCF, 1st quartile 0 0 0 0 0 0 0 0 0
TCF, median 0 0 0 0 0 0 0 0 22
TCF, 3rd quartile 39 35 25 32 28 17 48 34 29
TCF, 90th percentile 127 95 49 96 82 45 96 82 45
TCF, maximum 4787 1378 195 3182 268 192 4787 1378 195
Number of cladoceran samples with PTI N 1 23 1 0 15 1 0 8 0 0
Number of cladoceran samples with PTI N 0.5 34 2 0 24 2 0 10 0 0
Number of cladoceran samples with PTI N 0.1 68 5 0 42 3 0 26 2 0
Number of benthic invertebrate samples with PTI N 1 18 1 0 14 1 0 4 0 0
Number of benthic invertebrate samples with PTI N 0.5 28 2 0 23 2 0 5 0 0
Number of benthic invertebrate samples with PTI N 0.1 135 16 15 74 6 10 61 10 5
Number of samples with an exceedance of at least one AIB 47 4 0 33 2 0 14 2 0
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during that period increased, the likelihood that all exceedances would
occur on days on which a discrete sample was collected decreased, but
the likelihood that at least one PTI exceedancewould occur on a discrete
sample day increased (simulations are shown in SI Appendix F,
Fig. F.31). For scenarios of 1 to 5 exceedances over 12weeks, the highest
probability was that none occur on a discrete sample day. If there were
at least 6 exceedances, the probability of capturing at least 1 exceedance
in a weekly discrete sample was N50%. We conclude that weekly dis-
crete samples are unlikely to detect infrequent occurrences of acutely
toxic concentrations in streams, and that measured PTI exceedance
rates in weekly discrete samples will tend to underestimate the
incidence of potential toxicity threshold exceedances in streams. This
is consistent with the results of this study, where individual sites had
fewer than 3 exceedances in daily composite samples and no
exceedances in weekly discrete samples during the 10 to 12-week
study periods.
3.4. Comparison of toxic units measured in daily and weekly samples
To determine whether weekly composite or weekly discrete sam-
ples can be used to estimate the maximum sum of TUs (ΣTU) that oc-
curs during a week (i.e., peak daily ΣTU), the relation between the
Fig. 1. Total pesticide concentrations (a) and benthic invertebrate Pesticide Toxicity Index (PTI) (b) in Goodwater Creek, Missouri, USA. The stacked bars for daily composite samples show
individual pesticides in different colors. Missing daily or weekly composite samples are indicated by tan or black bars, respectively, extending below the x-axis.Weekly composite samples
are shown as black bars, andweekly discrete samples as a red x. Two sampleswith extremely high summed Benthic invertebrate PTI values (N10) are off the Y-axis scale, and are shown at
a larger scale in inset. See Supporting information Appendix F, Figs. F.5 and F.19, for legend of all pesticides detected.
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maximum ΣTU in a daily sample for each week and weekly composite
andweekly discrete sampleswas investigated by use group (herbicides,
ΣTUH; insecticides, ΣTUI; and fungicides, ΣTUF) (Fig. 4). There was a
strong correlation (r2 = 0.97) between the ΣTUH of the weekly com-
posite sample and the peak daily ΣTUH for that week, although the
peak daily ΣTUH for the week was about 180% of the weekly composite
value (slope of the regression line = 1.81). The relation between the
weekly discrete sample ΣTUH and the corresponding peak daily ΣTUH
during that weekwas significant but weaker (r2= 0.52, Fig. 4b). Similar
to comparisons for TCs, both weekly composite and weekly discrete
samples were poorer indicators of the peak daily values of ΣTUI and
ΣTUF during the week (Fig. 4c–f).
3.5. Temporal potential toxicity occurrence
Temporal changes in potential toxicity of pesticide mixtures to
aquatic invertebrates, evaluated using the PTI, have a distinctly different
pattern from those of pesticide concentrations. Relatively low concen-
trations of more toxic pesticides in daily samples, primarily insecticides,
appear as peaks in PTI, as illustrated for Goodwater Creek (Fig. 1b). Four
daily samples at Goodwater Creek had a benthic invertebrate PTI ≥ 1, in-
dicating a high likelihood of potential acute toxicity, and six insecticides
—bifenthrin, chlorpyrifos, terbufos, pyriproxyfen, dichlorvos, and pro-
fenofos—had a TU ≥ 1 (indicating likely toxicity) in at least one daily
sample. Several other streams had similarly transient high PTI values;
Fig. 2. Comparison of total herbicide concentrations (TCH), total insecticide concentrations (TCI), and total fungicide concentrations (TCF) in weekly composite samples (panels a, c, e) or
weekly discrete samples (panels b, d, f)with themaximumtotal concentrationmeasured in a daily sample for the sameweek.Where necessary, outliers are shownoutside theboundaryof
the graph. All concentrations in ng/L. Regression line (dashed line) and equation are shown where the relation between the two is significant (p b 0.05).
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detailed time series are provided graphically in SI Appendix F for the 14
streams (SI Figs. F.17–F.30).
The occurrence of insecticideswasmore transient than that of herbi-
cides and fungicides. This was assessed by counting the number of de-
tections in daily samples for each pesticide compound during each
week. Only weeks with at least four daily samples were included. The
mean number of detections per week, for all compounds and weeks
within each use group, was 0.3 for herbicides and fungicides and 0.05
for insecticides. The number of detections during the week was com-
pared by use group, based on total cases (i.e., weeks inwhich each com-
poundwas detected, for all compound/week combinations). Insecticide
compounds were detected only once during the week in 59% of cases
and had 4 or more detections during the week in only 19% of cases. In
contrast, herbicides were detected only once during the week in 30%
of cases and 4 ormore times during theweek in 45% of cases. Fungicides
were intermediate, detected only once during the week in 42% of cases
and 4 or more times in 23% of cases (SI Appendix F, Fig. F.32).
3.6. Relations between daily pesticide occurrence and invertebrate
communities
The PTI is a screening tool that estimates potential aquatic toxicity of
a pesticidemixture. To explore the extent towhich the PTI relates to the
actual condition of benthic invertebrates in streams, we compared the
EPT richness of invertebrate communities surveyed at the study sites
to the percentage of sample days with a benthic invertebrate PTI
above a threshold of 0.1, which provided a sufficient number of samples
for robust analysis. The EPT taxa are generally considered to be
Fig. 3. Comparison of themean concentration of themost frequently detected herbicide (atrazine), insecticide (imidacloprid), and fungicide compound (carbendazim) measured in daily
samples and weekly discrete samples at a site. In panels a, c, and e the solid line is the regression line and the dashed line is a 1:1 relation. Panels b, d, and f compare the divergence of the
weekly mean from the daily mean as a percentage (100 ∗ (weekly mean− daily mean) / daily mean), where 0%, indicated by the dashed line, indicates perfect agreement. Sites falling
below the dashed line have a weekly mean that is less than the daily mean and vice versa.
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intolerant of degraded water quality and sensitive to pesticides (Liess
and von der Ohe, 2005; Rasmussen et al., 2012; Reif, 2002). EPT richness
was significantly and inversely related to the percentage of days at each
site with PTI ≥ 0.1 (r2= 0.44, p= 0.01) (Fig. 5). Considering the EPT or-
ders individually, the relation to PTI ≥ 0.1 was slightly stronger for Tri-
choptera (r2 = 0.48, p = 0.006) than it was for Ephemeroptera (r2 =
0.36, p = 0.02) (no Plecoptera were found at any site).
4. Discussion
The results of the daily composite sampling provide insight into the
diversity of pesticides in streams not captured by weekly sampling.
Based on daily sampling, almost 3 times as many pesticides were pres-
ent at least once during the study period than were identified by the
weekly discrete samples (Table 1). One-half of the pesticides present—
as demonstrated by daily sampling—but not detected inweekly samples
were insecticides. Because insecticides tend to be acutely toxic to inver-
tebrates at relatively low concentrations, weekly discrete samples likely
underrepresent the potential invertebrate toxicity of small streamswith
urban and(or) agricultural land use in the basin. In the present study,
nine insecticides had EPAMDLs thatwere higher than AIB values (SI Ap-
pendix C, Table C.1), so some potentially toxic concentrations may not
have been detected. Additionally, the occurrence of some pesticides re-
ported here may be biased low in daily and weekly composite samples
as a result of degradation during their week-long residence in the
autosamplers at ambient air temperature (SI Appendix E). Pesticide
compounds that may be biased low include several organophosphate
insecticides and degradates and pyrethroid insecticides, which are im-
portant contributors to PTI. As a result, the PTIs and AIB exceedance
rates reported here for all sample types may underpredict potential
acute toxicity in the streams sampled to some degree.
Daily sampling demonstrated that a pesticide concentration, or sum
of concentrations, frequently peaked and then decreased over several
days (e.g., South Fork Iowa River, Appendix F, Fig. F.6, weeks 4–7), but
occasionally can be more transient, occurring on only 1 or 2 days
(e.g., Bell Creek, SI Appendix F, Fig. F.3, week 6). Such a peak can be
missed by a weekly discrete sample that is collected on a different
day, or missed by a weekly composite sample if the high concentration
is diluted by other daily draws that week with low concentrations. This
is particularly true for insecticides and, to a lesser degree, fungicides, for
which temporal occurrence tended to be less frequent (Table 1; SI Ap-
pendix F, Tables F.6–F.7) andmore transient than herbicides (SI Appen-
dix F, Table F.5). Our results expand on those of Crawford (2004), who
used Monte Carlo simulation based on intensive datasets at four sites
in Ohio (USA) to investigate this issue, and reported that sampling
10 times monthly at small streams provided reasonable estimates
(within 50%) of the time-weighted 90th and 95th percentile concen-
trations of three commonly detected herbicides in the Midwest (at-
razine, metolachlor and alachlor). In Crawford's study, however,
the one insecticide investigated (chlorpyrifos) was not detected fre-
quently enough to determine at these percentiles (i.e., the 90th and
95th percentiles were censored). In the present study, the 90th per-
centile concentrations of TCI and TCF in weekly composite samples
from the 14 streams combined were within 50% of the daily 90th
percentile concentration (although biased low on both counts), but
the 90th percentile concentration in weekly discrete samples was
not (Table 1). We conclude that concentrations and even occurrence
of insecticides and fungicides, many of which are potentially toxic at
concentrations near or below the MDL, may be underreported in
small streams such as those sampled here.
Daily sampling provided a substantially more comprehensive pic-
ture of the potential acute toxicity to aquatic invertebrates than weekly
composite or discrete samples. A cladoceran PTI of 1, indicating that
acute toxicitywas likely,was exceeded in daily samples on 23 instances,
but in only one weekly composite sample and in no weekly discrete
samples (Table 1). At least one day with potential acute toxicity to in-
vertebrates (i.e., exceeding an AIB and(or) a PTI threshold of 1) occurred
at 10 of the 14 streams, whereas weekly composites identified only 3 of
those sites and weekly discrete samples (after censoring to EPA MDLs)
identified none (Table 2). The degree of potential toxicity of mixtures
predicted by the PTI, however,might be overestimated. The PTI assumes
additive toxicity for components of a mixture, which technically applies
only to compounds sharing a commonmode of action.When applied to
complexmixtures of pesticides with differentmodes of action (as in the
present study), an additive model may overestimate potential toxicity
by a factor of 2–3 (e.g., Belden et al., 2007; Faust et al., 2003; Warne,
2003). In the present study, AIB detection frequencies by individual pes-
ticides in the sampled streams tended to be similar to the frequencies at
which PTI values exceeded thresholds of 0.5 or 0.1 (Table 2). This is con-
sistent with how the AIB and PTI thresholds were derived (see Data
analysis) and supports the PTI predictions in this study.
Daily sampling demonstrated that the temporal nature of potential
acute toxicity was complex, varying among streams and over timewithin
a single stream. In most instances, peaks in PTI values in daily samples
were dominated by a single compound (e.g., Sugar Creek, SI Appendix F,
Fig. F.21). In a few instances, TUs of two or more pesticides combined to
create a PTI N 1 (e.g., pyriproxyfen and terbufos in Lincoln Creek, SI Ap-
pendix F, Fig. F.23) or multiple pesticides had TU N 1 at the same time
(e.g., Goodwater Creek, Fig. 1b). In some streams the principal contributor
to PTI was relatively consistent over time (e.g., imidacloprid in Eagle and
Table 2
Percentage of daily composite samples with a Pesticide Toxicity Index (PTI) N 1, 0.5, and 0.1, exceeding at least one acute invertebrate benchmark (AIB), and exceeding at least one acute
nonvascular plant benchmark (ANVP).
Results in bold italics are sites where one or more weekly composite samples exceeded the indicated PTI or exceeded at least one AIB or ANVP. [MW, Midwest; SE, Southeast; Ag, agricul-
tural; Ur, urban].
Cladoceran PTI Benthic Invertebrate PTI AIB ANVP
Site Region Land Use n 1 0.5 0.1 1 0.5 0.1
Bell Creek MW Ag 81 1.2 2.5 4.9 0.0 0.0 3.7 4.9 14.8
Eagle Creek MW Ag 79 1.3 1.3 2.5 0.0 2.5 25.3 2.5 41.8
Goodwater Creek MW Ag 68 5.9 7.4 17.6 5.9 7.4 22.1 11.8 19.1
South Fork Iowa River MW Ag 56 0.0 0.0 0.0 0.0 0.0 1.8 0.0 53.6
Sugar Creek MW Ag 88 0.0 0.0 2.3 3.4 3.4 9.1 0.0 28.4
Honey Creek MW Ur 76 1.3 5.3 7.9 0.0 2.6 13.2 6.6 0.0
Lincoln Creek MW Ur 65 12.3 18.5 24.6 10.8 16.9 26.2 21.5 0.0
Accotink Creek SE Ur 65 7.7 9.2 9.2 0.0 1.5 38.5 9.2 0.0
Marsh Creek SE Ur 67 4.5 6.0 9.0 3.0 3.0 14.9 6.0 0.0
Swift Creek SE Ur 69 0.0 0.0 5.8 0.0 0.0 23.2 0.0 0.0
Manchester Creek SE Ur 68 0.0 0.0 4.4 2.9 2.9 4.4 1.5 1.5
Reedy River SE Ur 69 0.0 0.0 5.8 0.0 0.0 4.3 2.9 0.0
Proctor Creek SE Ur 67 0.0 0.0 3.0 0.0 0.0 3.0 1.5 0.0
Sope Creek SE Ur 58 0.0 0.0 1.7 0.0 0.0 3.4 0.0 0.0
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Swift Creeks, SI Appendix F, Figs. F.18 and F.26), but in other streams the
pesticide with the maximum TU varied through the growing season
(e.g., Accotink Creek, SI Appendix F, Fig. F.24; Lincoln Creek, Fig. F.23).
These results demonstrate that potentially toxic pesticide mixtures are
difficult to predict and likely depend on the timing and location of pesti-
cide application, runoff, and land-use management within the basin.
The percentage of samples at a site with a PTI N 0.1, a conservative
measure of potential toxicity, was inversely related to EPT richness, a
common measure of invertebrate community condition (Fig. 4). This
correlation suggests that frequent occurrence of concentrations of pes-
ticide mixtures below the PTI threshold of 1 may be adversely affecting
aquatic invertebrates, particularly in light of the fact that PTI exceeded 1
during only about 2% of days (23 of 976 total days). This is consistent
with findings of Nowell et al. (2014), who observed from published
studies that N50% mortality to the cladoceran Ceriodaphniaoccurred in
19% of samples with PTI values of 0.1–1. Because the PTI is based on
LC50 toxicity concentrations, the PTI model predicts 50% mortality at a
threshold of 1 (assuming the components of themixture show additive
toxicity); it therefore is reasonable to infer that substantial mortality
could occur at concentrations below the threshold of 1. Sublethal effects
(e.g., on growth or reproduction) also can occur at concentrations
below acute benchmarks or PTI toxicity concentrations. Furthermore,
mesocosm studies have shown that concentrations of imidacloprid in
water and bifenthrin in sediment can adversely affectfield communities
at concentrations far below acute LC50s thatwere determined in single-
species bioassays (Nowell et al., 2018; Rogers et al., 2016). Similarly,
field-based changes in invertebrate community structure were three
orders of magnitude below acute LC50s measured in single-species
Fig. 4. Comparison of sum of herbicide toxic units (ΣTUH), sum of insecticide toxic units (ΣTUI), and sum of fungicide toxic units (ΣTUF) in weekly composite samples (panels a, c, e) or
weekly discrete samples (panels b, d, f)with themaximumsumof toxic unitsmeasured in a daily sample for the sameweek.Where necessary, outliers are shown outside the boundary of
the graph. Regression line (dashed line) and equation are shown where the relation between the two is significant (p b 0.05).
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bioassays with Cladocera (Liess and von der Ohe, 2005; Schäfer et al.,
2012). The relationship shown in Figure 5 is correlative, however, not
causative. We note that other in-stream stressors not accounted for in
this analysis can contribute to adverse effects on invertebrates; EPT
richness has been shown to be related to dissolved oxygen, flow peak
intervals, total nitrogen, ammonia, substrate, and sinuosity, in addition
to several pesticide metrics (Waite et al., 2019; Waite and Van Metre,
2017).
We hypothesized that the maximum concentration and TU for a
week as measured in daily samples could be estimated by the weekly
composite sample, although the relationship would not be 1:1. This hy-
pothesis held for weekly maximum and weekly composite TCH and
ΣTUH, for which the correlations were strong (r2 = 0.91 and 0.97, re-
spectively) (Figs. 2a and 4a), but did not hold for weekly maximum
TCI or TCF. This could be because insecticide and fungicide concentra-
tions were much lower than herbicide concentrations or because they
occurred less frequently (Table 1). Spikes in concentrations of individual
insecticides and herbicides occurring on just 1 or 2 days during the
week might be diluted to below the method detection limit (MDL) in
a weekly composite sample. There were occasional outliers for which
weekly discrete samples were higher than expected from the peak
daily concentration, perhaps reflecting both spatial and temporal differ-
ences between these samples; the width-integrated discrete sample
may capture pesticides that weremissed or diluted in aliquots collected
by the autosampler, which had a fixed location within the stream and
collected aliquots throughout a 24-hr period. However, the possibility
that the pesticides in question may have degraded to below the MDLs
in daily samples in the autosampler during the weeklong deployment
cannot be ruled out.
Weekly samples, both composite and discrete, better characterized
average characteristics, such as the mean, than extremes, such as num-
ber of unique pesticides detected, peak concentrations, or exceedances
of the PTI. The median number of pesticides detected in a sample was
similar for the three sample types (Table 1), and detection frequencies
of most pesticides detected in N10% of samples were similar (SI Appen-
dix F, Tables F.5–F.7). The long-term mean concentration of the most
frequently detected herbicide (atrazine), insecticide (imidacloprid),
and fungicide (carbendazim) at a site as measured in weekly discrete
samples was similar to the mean concentration in the daily samples
(Fig. 3). Weekly samples reasonably estimated the 90th percentile
TCH;weekly composite samples reasonably estimated the 90th percen-
tile TCI and TCF, although theweekly discrete sample 90th percentiles of
TCI and TCF were less than one-half of those computed for the daily
samples (Table 1).
Overall patterns in detections, concentrations, and incidences of po-
tential toxicitywhen individual regionswere consideredwere similar to
those for both regions combined, despite large differences in land use,
topography, and climate. Although only about one-half as many com-
pounds were detected in samples from the Southeastern streams as in
samples from the Midwestern streams, general patterns regarding dif-
ferences in results by sample type were similar between the two re-
gions, with daily samples detecting a much greater number of unique
pesticides, much higher maximum concentrations of insecticides and
fungicides, andmanymore exceedances of the PTI and AIB than weekly
composite and discrete samples (Table 1). This suggests that the overall
conclusions regarding differences among sampling frequencies may be
transferable to small streams in regions other than the Midwest and
Southeast.
In brief, daily sampling demonstrated that a far more extensive suite
of pesticides occurred at the 14 stream sites than was indicated by
weekly composite or weekly discrete samples and that temporal pat-
terns of occurrence were complex. The relatively low frequency of oc-
currence of PTI ≥ 1 and exceedances of AIBs in daily samples translates
to a low likelihood of capturing such peaks in discrete weekly samples,
and noweekly discrete samples had PTI ≥ 1 or exceeded any AIBs at the
method detection levels used in this study. Daily sampling, however, is
unfeasible for most sampling programs because of analytical costs.
Weekly composite samples were able to capture some of the same dy-
namics of pesticide occurrence as daily composite samples: the maxi-
mum daily TCH during a week and the weekly composite TCH were
correlated, and the 90th percentile TCH, TCI, and TCF for weekly com-
posite samples (all sites combined) were within 50% of those for daily
samples. Weekly composite sampling thereforemight be a compromise
as a sampling strategy, being more cost-effective than daily sampling
and better reflecting pesticide dynamics than weekly discrete samples,
although much information will be missed, particularly for insecticides
and fungicides.
There are logistical and technical difficulties associated with the
automated samplers used in the present study that complicate col-
lection of even weekly composite samples, including a substantial
number of failed samples because of clogging or vacuum loss, and
the potential for pesticide degradation in composite samples within
the sampler if deployed without cooling (SI Appendix E). Monitoring
programs, therefore, would need to balance the greater insights into
pesticide occurrence and potential toxicity to benthic invertebrates
provided by daily sampling with the lower costs and manpower re-
quired for weekly composite and discrete sampling strategies for
pesticides in small streams. Alternative strategies, such as event-
Fig. 5. Ephemeroptera, Plecoptera, and Trichoptera (EPT) richness in the 14 streams (Midwestern, open circles; Southeastern, closed circles) was significantly and inversely related to the
percentage of days at each site with a Pesticide Toxicity Index (PTI) ≥ 0.1. The dashed line indicates the linear regression (p = 0.01).
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driven samplers, may be appropriate to consider, if the primary
study goal is to assess acute exposure.
Declaration of competing interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.
Acknowledgments
Data can be found in ScienceBase at: https://www.sciencebase.gov/
catalog/item/5d30ff77e4b01d82ce84ab36 and the National Water In-
formation System at http://waterdata.usgs.gov/nwis. Support for this
work was provided by the USGS NAWQA Project of the National Water
Quality Program and the U.S. EPA Office of Pesticide Programs (OPP).
Additional information on the Regional Stream Quality Assessments
can be found at: http://txpub.usgs.gov/RSQA/. The authors are grateful
to USGS field personnel for deploying samplers and collecting samples
for this study; theUSGSNationalWater Quality Laboratory for analyzing
weekly composite and spike samples, theOPP Analytical Chemistry Lab-
oratory for analyzing daily and weekly composite and spike samples;
Naomi Nakagaki and Sharon Qi (USGS) for maps; and reviewersWesley
Stone (USGS), and the anonymous reviewers at the journal for their
thoughtful reviews of this manuscript. The authors also thank Terence
E. Fitzgerald for his assistance in the design and final construction of
the autosamplers.
Any use of trade, product, or firm names is for descriptive purposes
only and does not imply endorsement by the U.S. Government.
Appendix A-F:. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.136795.
References
Aboulfadl, K., De Potter, C., Prevoist, M., Sauve, S., 2010. Time-dependent integrity during
storage of natural surface water samples for the trace analysis of pharmaceutical
products, feminizing hormones and pesticides. Chem. Cent. J. 4, 10: 8.
Belden, J.B., Gilliom, R.J., Lydy, M.J., 2007. Howwell can we predict the toxicity of pesticide
mixtures to aquatic life? Integr. Environ. Assess. Manag. 3, 364–372. https://doi.org/
10.1002/ieam.5630030307.
Bereswill, R., Streloke, M., Schulz, R., 2013. Current-use pesticides in stream water and
suspended particles following runoff: exposure, effects, andmitigation requirements.
Environ. Toxicol. Chem. 32, 1254–1263.
Bundschuh, M., Goedkoop, W., Kreuger, J., 2014. Evaluation of pesticide monitoring strat-
egies in agricultural streams based on the toxic-unit concept—experiences from long-
term measurements. Sci. Total Environ. 484, 84–91.
Crawford, C.G., 2004. Sampling strategies for estimating acute and chronic exposures of
pesticides in streams. J. Am. Water Resour. Assoc. 40, 485–502.
Cuffney, T.F., 2003. User's Manual for the National Water-quality Assessment Program In-
vertebrate Data Analysis System (idas) Software. Version 3. U.S. Geological Survey
Open-File Report 03-172. 114 p. Also available at. https://nc.water.usgs.gov/reports/
abstracts/ofr03172.html.
Cuffney, T.F., Bilger, M.D., Haigler, A.M., 2007. Ambiguous taxa: effects on the characteri-
zation and interpretation of invertebrate assemblages. JNABS 26, 286–307.
Faust, M., Altenburger, R., Backhaus, T., Blanck, H., Boedeker, W., Gramatica, P., Hamer, V.,
Scholze, M., Vighi, M., Grimme, L.H., 2003. Joint algal toxicity of 16 dissimilarly acting
chemicals is predictable by the concept of independent action. Aquatic Toxicology 63,
43–63. https://doi.org/10.1016/S0166-445X(02)00133-9.
Garrett, J.D., Frey, J.W., VanMetre, P.C., Journey, C.A., Nakagaki, N., Button, D.T., et al., 2017.
Design and Methods of the Midwest Stream Quality Assessment (MSQA), 2013. U.S.
Geological Survey Open-File Report 2017-1073. 59 p. Also available at. https://doi.
org/10.3133/ofr20171073.
Gerth, W.J., Herlihy, A.T., 2006. Effect of sampling different habitat types in regional mac-
roinvertebrate bioassessment surveys. JNABS 25, 501–512.
Gilliom, R.J., Alley, W.M., Gurtz, M.E., 1995. Design of the National Water-Quality Assess-
ment Program; Occurrence and Distribution of Water-Quality Conditions. U.S. Geo-
logical Survey Circular 1112, 33. https://pubs.er.usgs.gov/publication/cir1112.
Gilliom, R.J., Barbash, J.E., Crawford, C.G., Hamilton, P.A., Martin, J.D., Nakagaki, N., Nowell,
L.H., Scott, J.C., Stackelberg, P.E., Thelin, G.P., Wolock, D.M., 2006. Pesticides in the
Nation's Streams and Ground Water, 1992–2001. U.S. Geological Survey Circular
1291. 172 p. Also available at. https://pubs.usgs.gov/circ/2005/1291/.
Hageman, K.J., Aebig, C.H.F., Luong, K.H., Kaserzon, S.L., Wong, C.S., Reeks, T., Greenwood,
M., Macaulay, S., Matthaei, C.D., 2019. Current-use pesticides in New Zealand
streams: comparing results from grab samples and three types of passive samplers.
Environ. Pollut. 254, 112973.
Hladik, M.L., Kolpin, D.W., 2016. First national-scale reconnaissance of neonicotinoid in-
secticides in streams across the U.S.A. Environ. Chem. 13, 12–20.
Illinois Environmental Protection Agency, 2014. Illinois water monitoring strategy
2015–2020. Report no. IEPA/BOW/14-001. 146 p. Also available at. http://www.epa.
state.il.us/water/water-quality/monitoring-strategy/monitoring-strategy-2015-2020.
pdf.
Journey, C.A., Van Metre, P.C., Bell, A.H., Garrett, J.D., Button, D.T., Nakagaki, N., Qi, S.L.,
Bradley, P.M., 2015. Design andmethods of the Southeast StreamQuality Assessment
(SESQA), 2014. U.S. Geological Survey Open-file report 2015-1095. 46 p. Also avail-
able at. https://pubs.er.usgs.gov/publication/ofr20151095.
Lewis, K.A., Tzilivakis, J., Warner, D., Green, A., 2016. An international database for pesti-
cide risk assessments and management. Hum. Ecol. Risk Assess. Int. J. 22, 1050–1064.
Liess, M., von der Ohe, P.C., 2005. Analyzing effects of pesticides on invertebrate commu-
nities in streams. Environ. Toxicol. Chem. 24, 954–965.
Liess, M., Schulz, R., Liess, M.H.-D., Rother, B., Kreuzig, R., 1999. Determination of insecti-
cide contamination in agricultural headwater streams. Water Res. 33, 239–247.
Madrid, Y., Zayas, Z.P., 2007.Water sampling: traditional methods and new approaches in
water sampling strategy. Trends Anal. Chem. 26, 293–299.
Metcalfe, C.D., Sultana, T., Li, H., Helm, P.A., 2016. Current-use pesticides in urban water-
sheds and receiving waters of western Lake Ontario measured using polar organic
chemical integrative samplers (POCIS). J. Great Lakes Res. 42, 1432–1442.
Minnesota Dept. of Agriculture, 2019. Surface water pesticide water quality monitoring.
https://www.mda.state.mn.us/pesticide-fertilizer/surface-water-pesticide-water-
quality-monitoring.
Morace, J.L., Norman, J.E., Qian, Y., Corbin, M.C., Nowell, L.H., Van Metre, P.C., Button, D.T.,
Mahler, BJ., 2020. Pesticides in Daily and Weekly Water Samples From the NAWQA
Midwest and Southeast Stream Quality Assessments, 2013-2014. U.S. Geological Sur-
vey Data Release https://doi.org/10.5066/P9N2A3LS Also available at. https://www.
sciencebase.gov/catalog/item/5d30ff77e4b01d82ce84ab36.
Moulton II, S.R., Carter, J.L., Grotheer, S.A., Cuffney, T.F., Short, T.M., 2000. Methods of anal-
ysis by the U.S. Geological Survey NationalWater Quality Laboratory; processing, tax-
onomy, and quality control of benthic macroinvertebrate samples. U.S. Geological
Survey Open-file Report 2000-212. Also available at. https://pubs.er.usgs.gov/publi-
cation/ofr00212.
Moulton II, S.R., Kennen, J.G., Goldstein, R.M., Hambrook, J.A., 2002. Revised protocols for
sampling algal, invertebrate, and fish communities as part of the National Water-
quality Assessment Program. U.S. Geological Survey Open-file report 2002-150.
Also available at. https://pubs.er.usgs.gov/publication/ofr2002150.
Munn, M.J., Gilliom, R.J., Moran, P.W., Nowell, L.H., 2006. Pesticide toxicity index for fresh-
water aquatic organisms, 2nd edition. U.S. Geological SurveyWater Resources Investi-
gations report 2006-5148. 87 p. Also available at. https://pubs.usgs.gov/sir/2006/5148/.
Nowell, L.H., Moran, P.W., Schmidt, T.S., Norman, J.E., Nakagaki, Naomi, Shoda, M.E.,
Mahler, B.J., Van Metre, P.C., Stone, W.W., Sandstrom, M.W., Hladik, M.L., 2014. Pesti-
cide toxicity index—a tool for assessing potential toxicity of pesticide mixtures to
freshwater aquatic organisms. Sci. Total Environ. 476–477.
Nowell, L.H., Moran, P.W., Schmidt, T.S., Norman, J.E., Nakagaki, Naomi, Shoda, M.E.,
Mahler, B.J., Van Metre, P.C., Stone, W.W., Sandstrom, M.W., Hladik, M.L., 2017. Pesti-
cides in Weekly Water Samples From the NAWQA Midwest Stream Quality Assess-
ment (2013). U.S. Geological Survey Data Release Also available at. https://www.
sciencebase.gov/catalog/item/588a5e7ee4b0ba3b075e97d7.
Nowell, L.H., Moran, P.W., Schmidt, T.S., Norman, J.E., Nakagaki, N., Shoda, M.E., Mahler,
B.J., Van Metre, P.C., Stone, W.W., Sandstrom, M.W., Hladik, M.L., 2018. Complex mix-
tures of dissolved pesticides show potential aquatic toxicity in a synoptic study of
Midwestern U.S. streams. Sci. Total Environ. 613–614, 1469–1488.
Pérez, D.J., Okada, E., De Gerónimo, E., Menone, M.L., Aparicio, V.C., Costa, J.L., 2017. Spatial
and temporal trends and flow dynamics of glyphosate and other pesticides within an
agricultural watershed in Argentina. Environ. Toxicol. Chem. 36, 3206–3216.
Qian, Y., 2015. U.S. EPA Office of Pesticide Programs Analytical Chemistry Laboratory
Water Sample Analysis Using Direct-aqueous Injection Technique With Liquid
Chromatography-tandem Mass Spectrometry (LC-MS/MS). U.S. Environmental Pro-
tection Agency, Fort Meade, MD.
Rabiet, M., Margoum, C., Gouy, V., Carluer, N., Coquery, M., 2010. Assessing pesticide con-
centrations and fluxes in the stream of a small vineyard catchment—effect of sam-
pling frequency. Environ. Pollut. 158, 737–748.
Rasmussen, J.J., Wiberg-Larsen, P., Baattrup-Pedersen, A., Friberg, N., Kronvang, B., 2012.
Stream habitat structure influences macroinvertebrate response to pesticides. Envi-
ron. Pollut. 164, 142–149.
Reif, A.G., 2002. Assessment of stream quality using biological indices at selected sites in
the Red Clay and White Clay Creek basins, Chester County, Pennsylvania, 1981–97.
U.S. Geological Survey fact sheet 2002-0118. 4 p. Also available at. https://pubs.er.
usgs.gov/publication/fs118022002.
Rogers, H.A., Schmidt, T.S., Dabney, B.L., Hladik, M.L., Mahler, B.J., Van Metre, P.C., 2016.
Bifenthrin causes trophic cascade and altered insect emergence inmesocosms: impli-
cations for small streams. Environ. Sci. Technol. 50, 11974–11983.
Sánchez-Bayo, F., Wyckhuys, K.A.G., 2019. Worldwide decline of the entomofauna: a re-
view of its drivers. Biol. Conserv. 232, 8–27.
Sandstrom, M.W., Wilde, F.D., 2014. Syringe-filter procedure for processing samples for
analysis of organic compounds by DAI LC-MS/MS (ver. 3.1). National Field Manual
for the Collection of Water-Quality Data Chapter A5, section 2.2 B. Also available
at. https://pubs.er.usgs.gov/publication/tm5.2.2.B.
Sandstrom, M.W., Kanagy, L.K., Anderson, C.A., Kanagy, C.J., 2015. Determination of Pesti-
cides and Pesticide Degradates in Filtered Water by Direct Aqueous Injection Liquid
12 J.E. Norman et al. / Science of the Total Environment 715 (2020) 136795
Chromatography Tandem Mass Spectrometry (DAI LC-MS/MS). U.S. Geological Sur-
vey Techniques and Methods. U.S. Geological Survey, p. 54.
Schäfer, R.B., von der Ohe, P.C., Rasmussen, J., Kefford, B.J., Beketov, M.A., Schulz, R., Liess,
M., 2012. Thresholds for the effects of pesticides on invertebrate communities and
leaf breakdown in stream ecosystems. Environ. Sci. Technol. 46, 5134–5142.
Spycher, S., Mangold, S., Doppler, T., Junghans, M., Wittmer, I., Stamm, C., Singer, H., 2018.
Pesticide risks in small streams—how to get as close as possible to the stress imposed
on aquatic organisms. Environ. Sci. Technol. 52, 4526–4535.
Stehle, S., Knabel, A., Schulz, R., 2013. Probabilistic risk assessment of insecticide concen-
trations in agricultural surfacewaters: a critical appraisal. Environ.Monit. Assess. 185,
6295–6310.
Stehle, Sebastian, Schulz, Ralf, 2015. Agricultural insecticides threaten surface waters at
the global scale. Proc Natl Acad Sci 112 (18), 5750–5755.
Stehle, S., Bline, A., Bub, S., Petschick, L.L., Wolfram, J., Schulz, R., 2019. Aquatic pesticide
exposure in the U.S. as a result of non-agricultural uses. Environ. Int. 133, 105234.
Stone, W.W., Gilliom, R.J., Ryberg, K.R., 2014. Pesticides in U.S. streams and rivers: occur-
rence and trends during 1992–2011. Environ. Sci. Technol. 48, 11025–11030.
U.S. Environmental Protection Agency, 2017. Technical overview of ecological risk assess-
ment: risk characterization. Also available at. https://www.epa.gov/pesticide-sci-
ence-and-assessing-pesticide-risks/technical-overview-ecological-risk-assessment-
risk#Deterministic.
U.S. Environmental Protection Agency, 2018. Office of Pesticide Programs aquatic life
benchmarks (freshwater). Also available at. https://www.epa.gov/pesticide-science-
and-assessing-pesticide-risks/aquatic-life-benchmarks-and-ecological-risk.
U.S. Geological Survey, 2006. Collection of water samples (ver. 2.0). National field manual
for the collection of water-quality data. Book 9. Also available at. https://water.usgs.
gov/owq/FieldManual/.
U.S. Geological Survey, 2019. Biodata - aquatic bioassessment data for the nation. Also
available at. https://aquatic.biodata.usgs.gov/landing.action.
Waite, I.R., Van Metre, P.C., 2017. Multistressor predictive models of invertebrate condi-
tion in the Corn Belt, USA. Freshwater Science 36, 901–914.
Waite, I.R., Munn, M.D., Moran, P.W., Konrad, C.P., Nowell, L.H., Meador, M.R., Van Metre,
P.C., Carlisle, D.M., 2019. Effects of urban multi-stressors on three stream biotic as-
semblages. Sci. Total Environ. 660, 1472–1485.
Warne, M., 2003. A review of the ecotoxicity of mixtures, approaches to, and recom-
mendations for, their management. In: Langley, A., Gilbey, M., Kennedy, B. (Eds.),
Proceedings of the Fifth National Workshop on the Assessment of Site Contami-
nation. National Environment Protection Council Service Corp., Adelaide,
Australia.
Washington State Dept. of Agriculture, 2019. Surface water monitoring program. Avail-
able at. https://agr.wa.gov/departments/land-and-water/natural-resources/water-re-
sources-protection/surface-water-monitoring-program.
Watershed Science Institute, 2012. The EPT Index. Watershed Condition Series, Technical
Note 3. NRCS National Water and Climate Center https://www.wcc.nrcs.usda.gov/
ftpref/wntsc/strmRest/wshedCondition/EPTIndex.pdf.
Xing, Z., Chow, L., Rees, H., Meng, F., Li, S., Ernst, B., Benov, G., Zha, T., Hewitt, L.M., 2013.
Influences of sampling methodologies on pesticide-residue detection in stream
water. Arch. Environ. Contam. Toxicol. 64, 208–218.
13J.E. Norman et al. / Science of the Total Environment 715 (2020) 136795
